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The  formation  of an  extensive  hypoxic  area  off  the Louisiana  coast  has  been  well  publicized.  However,
determining  the  effects  of this  hypoxic  zone  on ﬁsh  and  ﬁsheries  has  proven  to  be  more  difﬁcult.  The  dual
effect  of nutrient  loading  on  secondary  production  (positive  effects  of  bottom-up  fueling,  and  negative
effects  of reduced  oxygen  levels)  impedes  the  quantiﬁcation  of  hypoxia  effects  on  ﬁsh  and  ﬁsheries.  The
objective  of  this  study  was  to develop  an  ecosystem  model  that  is able  to separate  the  two  effects,  and  to
evaluate  net  effects  of  hypoxia  on ﬁsh  biomass  and  ﬁsheries  landings.  An Ecospace  model  was  developed
using  Ecopath  with  Ecosim  software  with an  added  plug-in  to include  spatially  and  temporally  dynamic
Chlorophyll  a (Chl a) and  dissolved  oxygen  (DO)  values  derived  from  a coupled  physical–biological
hypoxia  model.  Effects  of  hypoxia  were  determined  by  simulating  scenarios  with  DO  and  Chl  a  included
separately  and  combined,  and  a  scenario  without  ﬁsh  response  to  Chl  a or DO.  Fishing  ﬂeets  were  included
in  the  model  as well;  ﬂeets  move  to cells  with  highest  revenue  following  a gravitational  model.  Results
of  this  model  suggest  that  the increases  in total  ﬁsh  biomass  and  ﬁsheries  landings  as a result  of  an
increase  in  primary  production  outweigh  the  decreases  as  a result  of hypoxic  conditions.  However,  the
results  also  demonstrated  that responses  were  species-speciﬁc,  and some  species  such  as red  snapper
(Lutjanus  campechanus)  did suffer  a  net  loss  in  biomass.  Scenario-analyses  with  this  model  could  be  used
to determine  the  optimal  nutrient  load  reduction  from  a ﬁsheries  perspective.
ublis©  2015  The  Authors.  P
. Introduction
Nutrient rich waters ﬂowing from the Mississippi River into the
ulf of Mexico result in high primary productivity in this coastal
rea (Turner et al., 2006). Bacterial decomposition of this organic
atter in combination with summer stratiﬁcation has led to the
ccurrence of an extensive area of low bottom oxygen since at least
he early 1970s (Rabalais and Turner, 2006). While often referred
o as the ‘dead zone’, the effect on living marine resources of this
nnually reoccurring area of hypoxic bottom waters off the coast
f Louisiana is not necessarily lethal.
∗ Corresponding author.
E-mail addresses: kdemutse@gmu.edu (K. de Mutsert),
eroen@ecopathinternational.org (J. Steenbeek), klewis22@gmu.edu
K. Lewis), joe@mountainsoft.net (J. Buszowski), jhcowan@lsu.edu (J.H. Cowan Jr.),
.christensen@ﬁsheries.ub.ca (V. Christensen).
ttp://dx.doi.org/10.1016/j.ecolmodel.2015.10.013
304-3800/© 2015 The Authors. Published by Elsevier B.V. This is an open access article uhed  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).
Hypoxia refers to oxygen levels of 2 mg/l or lower, which can
lead to decreased feeding and growth rates, changes in activity
level, avoidance behavior, and death in ﬁsh and shellﬁsh (Bell and
Eggleston, 2005; Robert et al., 2011; Goodman and Campbell, 2007).
The exact level of dissolved oxygen that results in effects on physiol-
ogy or behavior is species-speciﬁc, which can results in community
structure shifts and changes in species interactions (Essington and
Paulsen, 2010). Indirect effects occur through predator–prey rela-
tionships; ﬁsh could be affected not by hypoxia, but by the response
of their prey or predators to hypoxia, and the effects could be either
positive or negative (Altieri, 2008; Pierson et al., 2009; Eby et al.,
2005). Effects on ﬁsheries may  be even more complicated, as catch
per unit effort (CPUE) could decrease when the abundance of target
species is reduced by hypoxia, or could increase due to aggrega-
tion of target species at the edge of the hypoxic zone, which may
enhance their susceptibility to be caught (Craig, 2012).
A signiﬁcantly obscuring mechanism is the fact that the same
nutrient enriched waters that are the main cause of bottom hypoxia
(Rabalais and Turner, 2001), are responsible for the high primary
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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nd secondary production in this region (Gunter, 1963; Nixon and
uckley, 2002; Chesney et al., 2000). It is likely due to these compli-
ations, that holistic effects of hypoxia on the ﬁsheries ecosystem
f the northern Gulf of Mexico have remained elusive (Rose, 2000;
ose et al., 2009).
The purpose of this study is to analyze effects of hypoxia on
sh and ﬁsheries through ecosystem model simulations, and to
rovide a tool that can be used in management scenario analy-
es pertaining to Mississippi River nutrient load reductions and
oastal ﬁsheries management. To this purpose an Ecospace model
as developed using Ecopath with Ecosim (EwE) software that was
nabled to receive spatio-temporal primary productivity and dis-
olved oxygen output from a coupled physical–biological hypoxia
odel developed by Fennel et al. (2011). Since a reduction in
ypoxia would entail a reduction in nutrients that enter the Gulf
f Mexico, it is important to incorporate the effects of nutrient
nrichment on phytoplankton (and changes therein) in an ecosys-
em model that studies effects of hypoxia and scenarios that may
educe this hypoxia. Output of the Fennel et al. (2011) model of
issolved oxygen (DO) as well as Chl a was used as forcing func-
ions in the Ecospace model to account for both effects. Similar
pproaches to incorporate effects of biogeochemistry on foodweb
odels, often referred to as End-to-End modeling, have been used
n other studies (see e.g. Libralato and Solidoro, 2009).
The ecosystem model developed for this study takes a holistic
pproach by simulating species interactions, while accounting for
hanges in biomass as well as spatial distribution changes, and
y explicitly simulating ﬁsheries with dynamic ﬂeets. The model
llows for simulations of all direct and indirect effects on ﬁsh and
sheries, in an environment where hypoxia and primary produc-
ivity fueling can be evaluated together and separately. While this
cosystem model contains sixty groups to provide a representative
imulation of the ecosystem, the main focus of this paper is on
 select group of species that are of economic or ecological sig-
iﬁcance. These species are Gulf menhaden (Brevoortia patronus),
hich is largest ﬁshery in Louisiana by weight; brown, white and
ink shrimp (Farfantepenaeus aztecus,  Litopenaeus setiferus, and
arfantepenaeus duorarum),  together comprising the largest ﬁshery
y value; red snapper (Lutjanus campechanus),  a popular sportﬁsh;
tlantic Croaker (Micropogonias undulatus),  the most dominant
orage ﬁsh in the model area; and jellyﬁsh, a group of organisms
f interest because of previous documented responses to hypoxia
n other areas.
. Methods
.1. Data preparation
Fisheries independent survey data from the SEAMAP program
f the Gulf States Marine Fisheries Commission (seamap.gsmfc.org)
as used to determine which species were representative of the
rea, and to determine the biomass of each species present in the
odel area. Initial biomass in the base model was  based on the
verage biomass of each group (species or functional group) from
005 to 2008. Fishing was represented by including shrimp trawls,
ecreational ﬁshing, snapper/grouper ﬁshery, crab pots, menhaden
shery, squid ﬁshery, and longlines as ‘ﬂeets’ in the model. Annual
andings of model groups by these ﬂeets were based on NOAA Fish-
ries Annual Commercial Landings Statistics (st.nmfs.noaa.gov),
nd trip ticket data from the Louisiana Department of Wildlife and
isheries. These data were used to develop the Ecopath model.
Landings data from 1950 to 2010, and SEAMAP data collected in
he model area from 1982 to 2010 were used to calculate annual
andings and biomass (t/km2) respectively for each group in the
odel for which these data were available. In addition, an oxygen
orcing function was developed from data collected during LumconFig. 1. Oxygen response curves of selected species.
cruises from 1998 to 2007 (D. Obenauer, personal communica-
tion), and a nutrient forcing function from NOx data collected in
the Mississippi River by USGS from 1950 to 2010 (toxics.usgs.gov)
to simulate nitrogen load into the coastal area from the Mississippi
River. These time series and forcing functions were used for model
calibration in Ecosim.
In EwE, a nutrient forcing function serves as a multiplier on pri-
mary production. In order for groups to respond to the level of
dissolved oxygen, empirically derived sigmoidal oxygen response
curves were developed. These curves were developed by determin-
ing catch rates at each level of dissolved oxygen, using all SEAMAP
data where dissolved oxygen was  measured during collections. The
tolerance curves were then used as a multiplier on effective search
rate in Ecosim (and Ecospace, using a plug-in described in Section
2.5) as described in Christensen et al. (2008) and de Mutsert et al.
(2012), to affect biomass of each speciﬁc group (Fig. 1).
2.2. Model preparation
The EwE modeling suite was  used to build the model (www.
ecopath.org). The virtual representation of the ecosystem was
developed in Ecopath, the static model of the EwE modeling suite.
Groups in the model represent single species as well as species
aggregated in functional groups. Where deemed necessary to rep-
resent ontogenetic diet changes or size-selective ﬁsheries, species
were split into multiple life stages. For those species, the initial
biomass of only one life stage was  derived from empirical data, and
the biomass of other stages were determined using a von Berta-
lanffy growth model. Some functional groups were represented
with multiple life stages as well. This resulted in 60 groups (Table 1).
Parameters included for each group to develop a mass-balanced
Ecopath model in addition to biomass (B), were the P/B (produc-
tion/biomass) ratio, Q/B (consumption/biomass) ratio, and the total
ﬁsheries catch rate (Y) for the groups that are ﬁshed. Parameters
were derived from other Gulf of Mexico food web models (Walters
et al., 2008; de Mutsert et al., 2012) or ﬁshbase (ﬁshbase.org).
Two  master equations must be satisﬁed to correctly parameter-
ize the Ecopath model. The ﬁrst equation describes the production
of each functional group as a set of n linear equations for n groups:(
Pi
Bi
)
· Bi · EEi −
n∑
j=1
Bj ·
(
Qj
Bj
)
· DCji − Yi − Ei − BAi = 0 (1)
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Table 1
Initial conditions of mass-balanced Ecopath model. B = biomass, Z = total mortality, P/B = production to biomass ratio, Q/B = consumption to biomass ratio, EE = ecotrophic
efﬁciency.
Nr. Group name B (t km−2) Z (yr−1) P/B Q/B EE
1 marine mammals 0.069 0.02 11.97 0.623
2  tunas 0.024 0.9 13.00 0.811
3  jacks 0.018 0.8 3.30 0.693
4  birds 0.011 0.25 35.00 0.722
5  juv Atlantic cutlassﬁsh 0.003 2 8.48 0.011
6  Atlantic cutlassﬁsh 0.228 0.41 2.05 0.745
7  lizardﬁsh 0.384 0.6 5.00 0.806
8  juv coastal sharks 1.2E−04 2 5.52 0.625
9  coastal sharks 0.148 0.08 1.00 0.646
10  mackerel 0.300 0.7 2.00 0.591
11  0–3 seatrout 2.5E−04 6 23.96 0.056
12  3–18 seatrout 0.072 1.4 4.11 0.279
13  18+ seatrout 0.647 0.7 1.60 0.478
14 0–6 red snapper 0.001 3 9.20 0.065
15  6–24 red snapper 0.032 2 2.91 0.659
16  24+ red snapper 0.090 0.6 1.20 0.222
17  0–1 groupers 0.008 2 5.13 0.011
18  1–3 groupers 0.090 0.6 2.07 0.027
19  3+ groupers 0.226 0.45 1.30 0.452
20  other snappers 0.141 1.3 13.70 0.405
21  0–3 red drum 4.4E−06 2 30.83 0.065
22  3–8 red drum 1.2E−04 3.5 11.16 0.451
23  8–18 red drum 0.001 1.1 5.10 0.298
24  18–36 red drum 0.003 0.6 3.03 0.810
25  36+ red drum 0.029 0.15 1.86 0.084
26  juv rays & skates 0.001 2 4.49 0.577
27  rays & skates 0.082 0.3 1.00 0.319
28  ﬂounders 0.202 0.42 6.36 0.274
29  pompano 0.002 1 8.00 0.450
30  Atlantic bumper 0.434 1.2 6.00 0.632
31  scad 0.182 1.65 5.00 0.526
32  juv Atlantic croaker 1.303 2 4.01 0.014
33  Atlantic croaker 4.344 1.5 2.00 0.263
34  catﬁsh 0.582 0.8 7.60 0.340
35  spot 0.690 1.1 12.00 0.909
36  squid 0.168 1 3.90 0.986
37  pinﬁsh 0.094 2 5.00 0.744
38  porgies 1.223 2.52 8.00 0.468
39  anchovy 2.032 2.53 14.00 0.322
40  juv menhaden 1.891 2.3 14.53 0.008
41  menhaden 6.240 1.9 6.00 0.614
42  clupeids 4.448 1.8 12.11 0.219
43  mullets 0.100 0.8 8.00 0.309
44  sea turtles 0.030 0.11 6.76 0.082
45  small forage ﬁsh 3.715 2.53 12.00 0.851
46  jellyﬁsh 0.360 22 67.00 0.727
47  blue crab 0.244 2.4 8.50 0.960
48  juv brown shrimp 0.007 3 17.36 0.027
49  brown shrimp 0.558 2.4 5.00 0.680
50  juv white shrimp 0.004 3 17.36 0.019
51  white shrimp 0.300 2.4 5.00 0.236
52  juv pink shrimp 2.6E−04 3 17.36 0.037
53  pink shrimp 0.020 2.4 5.00 0.208
54  other shrimp 0.369 2.4 19.20 0.551
55  benthic crabs 0.045 2 7.00 0.948
56  benthic invertebrates 12.08 4.5 22.00 0.800
57  zooplankton 7.642 36 89.00 0.387
58  benthic algae/weeds 29.8 25 0.072
w
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t
r
f
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E
t
Production = predation mortality + catches + net migration59  phytoplankton 25 
60  Detritus 100 
here (Pi/Bi) is the production to biomass ratio for group i, EEi
s the ecotrophic efﬁciency (the proportion of production used in
he system), Bi and Bj are the biomasses of the prey and predators
espectively, (Qj/Bj) is the consumption to biomass ratio, DCji is the
raction of prey i in predator j’s diet, Yi is catch rate for the ﬁsh-
ry for group i, Ei is the net migration rate, and BAi is the biomass
ccumulation for group i.
The Ecopath model assumes conservation of mass over a year.
nergy balance within each group is ensured with the second mas-
er equation:182 0.203
0.046
Consumption = production + respiration + unassimilated energy
(2)
where production can be described as:+ biomass accumulation + other mortality (3)
More succinctly, production can be described by the following
equation:
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Tig. 2. Model area of the NGOMEX (Northern Gulf of Mexico) Ecosystem model. Lo
orthern Gulf of Mexico indicates the bathymetry (source of bathymetry data: The 
i =
∑
j
Qj · DCji + (Fi + NMi + BAi + M0i) · Bi (4)
here Pi is the production of prey group i, Qj is the consumption
f predator j, DCji is the diet composition contribution of i to j’s
iet, Fi is the instantaneous rate of ﬁshing mortality, NMi is the
et migration rate of prey group i, BAi is the biomass accumulation
ate for i, M0i is the other mortality rate for i (non-predation, non-
shery), and Bi is the biomass of i.
In addition, a diet matrix was constructed based on diet infor-
ation from stomach content analysis from nekton collected in
he model area (A. Adamack, unpublished data), supplemented by
nformation available in the literature. To achieve mass balance, the
iet matrix was adjusted to attain a plausible solution of the ﬂow of
iomass through the foodweb. The available diet information usu-
lly did not provide exact proportions of each diet item, which made
he diet matrix the most suitable component to adjust in order to
chieve mass-balance. For example, when previous studies indi-
ated that a speciﬁc species was the dominant prey species for a
redator, the exact proportion of this prey item was  adjusted dur-
ng the mass-balancing procedure while still maintaining its status
s dominant prey item. The diet matrix is provides as supplemental
aterial 1.
During the mass balancing procedure in Ecopath, the model
alculates Ecoptrophic Efﬁciency (EE) of each group, which rep-
esents the amount of biomass of that group used in the system
Christensen et al., 2008). A mass-balanced solution of the model is
resented in Table 1.
.3. Spatial componentsA model area of 44,890 km2 was chosen, which encompasses
he Louisiana coastal zone and the annually recurring hypoxic zone.
his area was represented in Ecospace with 5 km2 grid cells, and isa (USA) is indicated in gray, and the Mississippi River in blue. The coloration in the
nd Wildlife Research Institute).
the model area of our Ecospace model, which we  have called the
NGOMEX (Northern Gulf of Mexico) ecosystem model (Fig. 2).
For the spatial and temporal model simulations, dissolved
oxygen and Chl a output from 1990 to 2004 of a coupled
physical–biological hypoxia model (Fennel et al., 2011) was  used
as forcing functions. Chl a levels in Fennel et al. (2011) are affected
by the nutrients entering the coastal zone from the Missisippi River
and other freshwater sources. This output was averaged by month
and matched to the Ecospace grid map  so that one value of bot-
tom dissolved oxygen and one of Chl a could be read into Ecospace
per month per grid cell during a model simulation. In the few
occasions where the model area of Fennel et al. (2011) did not
overlap with our model, DO and Chl a output was extrapolated
from nearby cells. This was done for the estuaries, while the focus
area for our modeling effort had 100% overlap. Example DO out-
put from Fennel et al. (2011) that is used as a spatial–temporal
forcing function is shown in Fig. 3. A plug-in to Ecospace was
used to read in this spatial–temporal forcing function (see Sec-
tion 2.5 for more details). Dissolved oxygen affected the groups
in the model as stipulated by the response curves, while Chl a
was used as a driver of phytoplankton biomass, assuming a linear
relationship.
Two  non-dynamic habitat features were included in the spatial
model, depth and salinity area. Depth was  based on the bathymetry
of the model area; depth ranges were included to ensure (adult)
offshore species would not enter shallow estuarine areas if they are
not known to do that. While salinity is not modeled dynamically in
this model, a ‘marine’, ‘estuarine’ and ‘freshwater’ zone is described
loosely based on existing salinity gradients in the model area. While
the focus of this model is on the marine coastal zone, these habitat
features prevented species to escape coastal hypoxia by ﬂeeing to
areas that are too shallow or too fresh for them to enter in real life.
A conceptual model of the NGOMEX ecosystem model is presented
in Fig. 4.
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sig. 3. Example output of dissolved oxygen in mmol  m−3 (top) and Chl a in mg m−
ith  hypoxia (July). Monthly “maps” of this output are used as spatial–temporal forc
s  shown in the ﬁgure.
.4. Model calibration
Temporal dynamic simulations were performed in Ecosim, the
ime-dynamic module of EwE, to calibrate the model. DO and NOx
ere included in the calibration runs as environmental forcing
unctions based on data described in Section 2.1. The level of dis-
olved oxygen affects the effective search rate of species in the
Fig. 4. Conceptual diagram of the NGOMEX ecosystem mtom) from Fennel et al. (2011) in a month without hypoxia (January) and a month
nctions in the NGOMEX ecosystem model. Output was extrapolated in the estuaries
model as described by the response curves in the same manner
as salinity affected species in de Mutsert et al. (2012). The model
was calibrated against biomass time series and landings data as
described in Section 2.1. During calibration, the model was  itera-
tively ﬁtted to landings and biomass time series data by making
vulnerability exchange rate adjustments until the smallest sum
of squares (SS) was found using the ﬁt-to-time-series feature in
odel. DO = dissolved oxygen, TN = total nitrogen.
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Fig. 5. Model ﬁts to observed biomass of selected groups/species in the model. The SS of the ﬁt is indicated in each panel.
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gwE (Christensen et al., 2008). Following the Foraging Arena The-
ry described in Walters and Martell (2004), each group is present
n the model in a vulnerable (to predation) and invulnerable state.
he vulnerability exchange rate determines how quickly the mass
f a group can switch between those states, where high numbers
around 100) indicate Lotka–Volterra predator–prey interactions
all prey is vulnerable to predation because of the high exchange
ate between the vulnerable and invulnerable portion), and low
umbers (around 2) indicate a signiﬁcant portion of the group is
navailable to predation. We  used the ﬁt-to-time series procedure
o determine the vulnerability exchange rates that resulted in the
est ﬁt of model predictions to biomass and landings data. The
etric used to determine model ﬁt was the following:
S =
nts∑
i
(
nobsi∑
i
wi log
(
oit
pit
)2)
(5)
here SS is sum of squares, nts is the number of time series loaded,
obsi the number of observations in time series i, wi is the weight
f the time series i (all time series weighted equal in our model),
it is the observed value in time series i at time step t and pit is the
cosim predicted value for variable i at time step t.
Including DO and nutrient loading (in the form of NOx) as envi-
onmental forcing functions in Ecosim improved the ﬁt of the model
o time series, and decreased the total SS for all ﬁts. Fig. 5 shows
ts to time series (with SS) of a selection of species that are highly
bundant in the area and/or have economic or ecological signiﬁ-
ance. The vulnerability exchange rates that were altered during
his calibration procedure were carried over to Ecospace.
.5. Model simulations
After calibration, spatial simulations were performed in
cospace, the spatial–temporal module of EwE. In the new habi-
at foraging capacity model of Ecospace, dispersal rates of groups
nto a cell are affected by the cell suitability/capacity (Christensen
t al., 2014). If the neighboring cell has a lower capacity then the
ispersal rate to the cell will be proportional to the capacity dif-
erence. For example, if the capacity of a cell is 0.5 for a speciﬁc
roup, the maximum movement rate into this (in this model setto 300 km/yr for all groups) was  adjusted by this proportion. The
capacity of a cell was  based on DO and habitat (depth and salinity
area as described in Section 2.3). Fleets are dispersed by a gravi-
tational model based on proﬁtability per cell. Proﬁtability per cell
is based on the biomass of the target group(s) of a ﬂeet, the price
per pound of each target group in 2010, and the distance from port
(fuel cost). Two  ports with the highest landings in Louisiana were
included in the model, Empire-Venice and Intracoastal City (www.
oceanomics.org; Fig. 6).
To loosely link the physical–biological hypoxia model from
Fennel et al. (2011) to Ecospace, a plug-in was  added to the EwE
source code. The plug-in reads in a DO and Chl a value per grid
cell per time step (5 km−2 month−1). This provides for spatial and
temporal variation in the effective search rate and primary pro-
duction. The DO values are fed into the environmental response
functions deﬁned in Ecosim. The values returned by the environ-
mental response functions act as a forcing multiplier on the rate of
effective search. This facility, provided by the plugin, works in the
same manner as an Ecosim forcing function that has been applied
to search rate (Christensen et al., 2008). The Chl a data is used to
update the Ecospace Relative PP spatial layer, which allows for spa-
tial shifts in primary production over time. The Ecospace Relative
PP layer is a multiplier that is used to scale the primary produc-
tion relative to the base productivity of the Ecopath model. During
initialization the values in the Relative PP layer are normalized to
scale the spatially averaged Ecospace productivity to the Ecopath
base productivity rate (Christensen et al., 2008). The values read by
the plug-in can shift from this baseline value to increase or decrease
the spatially averaged productivity over time.
Scenarios simulated were ‘no forcing’, which simulated a coastal
environment without nutrient fueling from the Mississippi River
(or any other source of added nutrients) but also no formation of a
hypoxic zone; ‘enrichment only’, which simulated nutrient loading
effects on primary productivity, but where hypoxia had no effect
on any organism; and ‘enrichment + hypoxia’, which included pri-
mary productivity forcing, and effects of DO (and thus hypoxia for
part of the year) on ﬁsh biomass. Each scenario was run from 1950
to 2010; results presented reﬂect the output from simulation year
2010. While sixty groups were simulated, results are presented of
a select group of species that are of economic or ecological interest.
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fig. 6. Location of ports in the NGOMEX ecosystem model, representing Intracoast
istance from port, which is included in the calculation of ﬁsheries revenue.
. Results
Biomass and landings output of the scenarios ‘no forcing’,
enrichment only’, and ‘enrichment + hypoxia’ was compared. The
cenario ‘enrichment + hypoxia’ simulates the real world scenario
f Chl a concentration fueled by nutrient loading, and seasonal
ypoxia in the coastal zone. The scenarios were run from 1950
o 2010, and output is presented as relative change, which is
he change in biomass or landings of each group from the initial
iomass or landings. The initial biomass and landings were the
ig. 7. Total landings and total biomass results of three scenarios (no forcing, enrichmen
rom  the same initial conditions is presented of total biomass and total landings, species-y on the left, and Empire-Venice on the right (black dots). The coloration indicates
same for each scenario, so the scenario outcomes can be com-
pared to each other. When looking at total landings and biomass,
results indicate that the seasonal presence of hypoxia reduces
both landings and biomass as compared to the ‘enrichment only’
scenario (Fig. 7). However, both ‘enrichment only’ and ‘enrich-
ment + hypoxia’ had much higher increases from initial biomass
and landings than the ‘no forcing’ scenario; the latter even showed
a small decrease. The difference between ‘enrichment only’ and
‘enrichment + hypoxia’ is comparatively so small that these simu-
lations suggest that the decrease in secondary production due to
t only, and enrichment + hypoxia) that ran from 1950 to 2010. The relative change
speciﬁc biomass of selected species (B), and catch from all ﬂeets (C).
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ypoxia (in indirect effect of nutrient loading) is trivial in compar-
son to the increase in secondary production due to the bottom up
ffect of nutrient loading. Overall, there was a 33% increase in total
andings in the ‘enrichment + hypoxia’ scenario as compared to the
no forcing’ scenario, and a 13% increase in total biomass. Remov-
ng hypoxia only increased that amount by an extra 5% and 0.6%
espectively.
While total landings and biomass show the concurring trend of
 small decrease in the ‘no forcing’ scenario, and large increases
n ‘enrichment only’ and ‘enrichment + hypoxia’, individual groups
ary in their response (Fig. 7). The biomass of common species in
ouisiana; Gulf menhaden (Brevoortia patronus), Atlantic croaker
Micropogonias undulatus),  and shrimp (brown shrimp – Farfantepe-
aeus aztecus, white shrimp – Litopenaeus setiferus, and pink shrimp
 Farfantepenaeus duorarum)  showed a response similar to what
as seen in total biomass. Red snapper (Lutjanus campechanus)
iomass however, decreased in all three scenarios, and decreased
ost in the ‘enrichment + hypoxia’ scenario (17.6%), followed by
enrichment only’ (10.4%) and ‘no forcing’ (8.3%). An opposite effect
as seen in jellyﬁsh, which displayed increases in all three scenar-
os, and the highest increase in the scenario with hypoxia (7.8%).
hanges in landings do follow this pattern for almost all ﬂeets,
xcept for crab and squid ﬁsheries, which see a small increase
n landings when hypoxia is added as compared to enrichment
lone.
. Discussion and conclusion
Our simulations suggest that reductions in landings and biomass
ue to hypoxia are an order of magnitude lower than increases
een due to the nutrient enrichment (which is the main cause of
ypoxia). Some ﬁsheries in the model even experience an increase
n landings in the scenario that includes hypoxia, namely blue crab
nd squid landings. The crab pots are not set in areas affected
y hypoxia, which could explain this pattern, while the increase
n squid landings is likely an indirect effect, since squid had a
lightly higher tolerance for low oxygen as most of its predators,
nd slightly higher biomass in the scenario with hypoxia as a
esult. In general, current simulations do not suggest that natu-
al resource managers should take the hypoxic zone into account
n ﬁsheries management plans (e.g. by restricting effort during
ypoxic events), as the occurrence of seasonal hypoxia in combina-
ion with ﬁshing does not lead to unsustainable biomass reductions.
This study emphasizes the importance of the positive bottom-
p effect of nutrient enrichment on secondary productivity (Nixon
nd Buckley, 2002). Some notable species that follow the pattern of
arge increases in biomass as a result of nutrient enrichment, and
nly a slight reduction in biomass as a result of hypoxia, include
tlantic croaker, which is the most abundant species in this area
nd knows to have a high tolerance for hypoxia (Bell and Eggleston,
005), Gulf menhaden, which is the largest ﬁshery in Louisiana, and
ulf shrimp (brown, white, and pink shrimp), which is the ﬁshery
ith the highest revenue in Louisiana.
Still, from these results cannot be inferred that nutrient load
eduction is not an important restoration measure, and that it
ould necessarily reduce secondary productivity. Our scenario of
no forcing’ is not a real-world scenario, and no nutrient reduction
lan would conceivably remove all nutrients from the freshwater
ources ﬂowing into the Gulf of Mexico. Therefore, the correspond-
ng low secondary production seen in the ‘no forcing’ scenario
ould never be attained. In addition, the relationship between
utrient loading, primary productivity, and hypoxia is non-linear
nd complex (Fennel et al., 2011); a reduction in nutrient load
ould not necessarily reduce bottom up fueling of the foodweb
nd hypoxia to the same extent. Momentarily disregarding the ‘nodelling 331 (2016) 142–150 149
forcing’ scenario, a consistent small decrease in biomass from the
nutrient enrichment scenario to the nutrient enrichment scenario
with summer hypoxia can be seen. This small reduction could be
ecologically signiﬁcant for some species.
One species that seems affected by nutrient loading as well as
hypoxia in our simulations is red snapper. An increase in mortal-
ity due to higher shrimp landings – and thereby higher bycatch of
juvenile red snapper – in the scenarios that include nutrient enrich-
ment is a likely cause of a decrease in red snapper biomass in those
scenarios. The model reﬂects the impact shrimp trawling has on red
snapper, which has been reported in studies related to red snap-
per stock status (Cowan, 2011). The additional decrease in biomass
when hypoxia is present does indicate a negative effect of hypoxia
on red snapper. Weaker recruitment of red snapper in years of
severe hypoxia has been observed in a previous study (Switzer et al.,
2015).
Another interesting result is the increase in jellyﬁsh biomass
in the scenario with hypoxia. Jellyﬁsh, often regarded as nuisance
species, likely ﬁnd refuge from predation in hypoxic areas due to
their high tolerance of low oxygen conditions. Increases in jellyﬁsh
in response to hypoxia in coastal ecosystems has been predicted or
observed in other studies (Breitburg et al., 2003; D’Elia et al., 2003;
Miller and Graham, 2012), and could exacerbate hypoxia effects on
zooplankton by adding increased predation pressure.
This study concurs with some previous publications that
hypoxia typically does not reduce overall ﬁsheries landings or
biomass, but that hypoxia should still be addressed in restoration
plans (Breitburg et al., 2009). The use of novel spatial–temporal
forcing functions in Ecospace allows for more realistic simula-
tions of effects on ﬁsh and ﬁsheries of environmental drivers
that vary in space and time. Ecosystem models with this capa-
bility have only recently been described (Steenbeek et al., 2013;
Christensen et al., 2014), but are expected to increase in num-
bers rapidly. Their usefulness in developing restoration and/or
natural resource management strategies, especially when linked
to physical/chemical models seems evident, and has already been
recognized (de Mutsert et al., 2014a, 2014b). The model pre-
sented in this paper would be useful in restoration planning,
and development of management strategies to reduce hypoxia
without unacceptable losses to ﬁsheries productivity. Models
such as the physical–biological model of Fennel et al. (2011)
could be used to simulate effects of nutrient load reductions
on hypoxia and primary productivity in the coastal zone. The
NGOMEX Ecospace model could then use those results to simu-
late effects of nutrient reductions on ﬁsh and ﬁsheries in a scenario
analysis. These loosely coupled models could thereby be used
as a tool in nutrient reduction analyses to inform management
decisions.
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